This article describes a simple and inexpensive microfluidic paper-based analytical device (μPAD) for the determination of hexavalent chromium (Cr VI ) in water samples. The μPADs were fabricated on paper by photolithography using a photomask printed with a 3D printer and functionalized with reagents for a colorimetric assay. In the μPAD, Cr VI reacts with 1,5-diphenylcarbazide to form a violet-colored complex. Images of μPADs were captured with a digital camera; then the red, green, and blue color intensity of each detection zone were measured using images processing software. The green intensity analysis was the best sensitive among the RGB color. A linear working range (40 -400 ppm; R 2 = 0.981) between the Cr VI and green intensity was obtained with a detection limit of 30 ppm. All of the recoveries were between 94 and 109% in recovery studies on water samples, and good results were obtained.
Introduction
Chromium (Cr) possesses various oxidation states; the +3 and +6 states are the most common in chromium compounds. Trivalent chromium (Cr   III   ) is not toxic and essential nutrient in biological systems. On the other hand, hexavalent chromium (Cr VI ) has a strong oxidation potential, which induces dermatitis, allergic and eczematous skin reactions, skin and mucous membrane ulcerations, perforation of the nasal septum reactions, bronchial carcinomas, gastro-enteritis, hepatocellular deficiency, and renal oligo-anuric deficiency. 1, 2 Cr VI has been used for the mordanting of textiles, paint pigments, leather tanning, refractory products, metallurgy, chrome plating, arc welding, oxidizing argents, catalysts, wood preservatives, fungicides, heliogravure products, and corrosion inhibitors. 2 
Cr
VI emits from these plants and manufacturing facilities and most of Cr VI is of anthropogenic origin. Therefore, to comprehend the effect of Cr VI -contamination, the determination of Cr VI could be significant for human health.
Various analytical techniques have been reported to determine Cr VI , spectrophotometry, 3 titration, 4 flow injection analysis, 5,6 atomic absorption spectrometry, 7, 8 inductively coupled plasma optical emission spectroscopy, 9 inductively coupled plasma mass spectrometry, 10 and synchrotron-radiation X-ray fluorescence analysis. 11 These analytical techniques have high sensitivity and precision, but, require a long time for analysis, expensive instruments, and trained operators. Recently, microfluidic paper-based analytical devices (μPADs) have attracted a lot of attention and have been actively developed due to being simple, inexpensive, user-friendly, and disposable. [12] [13] [14] [15] [16] To date, μPADs have been used as elegant analytical tools for a variety of applications, including medical diagnosis, [17] [18] [19] [20] [21] food testing, 22 and environmental monitoring. [23] [24] [25] [26] [27] [28] [29] A lot of detection methods have been used for μPADs. The most common detection method for μPADs is colorimetry because analysis is relatively simple. Moreover, there are various techniques of the fabrication of μPADs, such as wax printing, 23, 26, 27, [29] [30] [31] [32] inkjet printing, 17 screen printing, 18, 22 and photolithography. 24 With regard to Cr analysis using μPADs, several methods have been reported. [29] [30] [31] [32] [33] Alahmad et al. 29 used wax-printed μPADs, and detected Cr III into natural water by chemiluminescence. Colorimetric detection, which was reported by Henry's group, [30] [31] [32] is simple, and gray scale intensity analysis is often carried out using image-processing software. Although wax-printing fabrication is widely used, it is difficult to obtain a wax printer in Japan. In our previous research, 24 we developed μPADs using a photomask printed with a 3D printer for the patterning of hydrophilic and hydrophobic zones by photolithography, and applied to an iron assay in water samples. In this work, we developed μPADs for a Cr VI assay using photolithographic fabrication and investigated image analyses using the red, green, and blue color intensity. 
Experimental

Reagents and chemicals
All reagents were of analytical grade and were used without further purification.
Deionized water was used for all experiments (Aquarius GS-2000, Advantec, Tokyo, Japan). For the hydrophobization of paper, 0.1% (v/v) octadecyltrichlorosilane (OTS, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) an n-hexane solution was used. A chromium standard solution (1000 ppm) was purchased from Wako Pure Chemical Industries (Osaka, Japan). 1,5-Diphenylcarbazide (DPC) was obtained from Nacalai Tesque Inc. (Kyoto, Japan). A solution of 0.5 g L -1 DPC was prepared by dissolving 0.05 g of DPC in 5 mL of acetone diluted to 100 mL by the addition of deionized water.
μPAD fabrication
The μPADs were fabricated, as described previously. 24 Briefly, a chromatography paper (No. 51B, Advantec, Tokyo, Japan) was cut into 2 cm squares, and the paper was impregnated with an OTS n-hexane solution. The photomask was designed using the 3D computer-aided design software (Rhinoceros, Robert McNeel & Associates). The hydrophobized paper was exposed to UV light (UV ozone cleaner, UV253, Filgen, Aichi, Japan) through a photomask printed by a 3D printer (Objet30 Pro Stratasys, Eden Prairie, MN), and that the resulting pattern could be used as a μPAD. (Fig. 1) The device consisted of a circular hydrophilic sample reservoir of 7 mm diameter at the center of the paper, four hydrophilic detection zones of 4 mm diameter at each corner, and four hydrophilic flow paths of 3 mm length and 1 mm width from the sample reservoir to each detection zone. The μPADs for the Cr VI assay were prepared by spotting in detection zones via a micropipette; to dry rapidly, two 2 μL aliquots of 0.5 g L -1 DPC solution were added onto the detection zone, followed by 2 μL of 0.1 M hydrochloric acid (HCl). The first spot was allowed to dry completely before applying the second.
Analytical procedure
In the analysis, 5 μL of a sample solution was applied onto the sample reservoir. The sample solution distributed to each detection zone, and the purple color in the detection zones developed. Images for quantitative analysis were captured with a digital camera (DMC-LS80, Panasonic, Osaka, Japan), and analyzed with the public domain software ImageJ (National Institute of Health). 34 The appropriate detection zone of the device was selected, and the mean intensity of red, green, and blue was measured from the histogram. The mean pixel values within the detection zones correlate with the Cr VI concentration.
Results and Discussion
Effect of the acid on the green intensity DPC is generally regarded as being one of the best reagents for the colorimetric determination of Cr VI , and has been widely used in a standard method. However, sulfuric acid (H2SO4) is often utilized as an acid in this colorimetric reaction, but acids may influence paper devices. Thus, to choose an appropriate acid for μPADs, we examined the effect of acid on the difference of the green intensity (Δ green intensity), which was calculated from the difference in the green intensity of blank and standard solutions. Two 2 μL aliquots of 0.5 g L -1 DPC solution was pipetted onto the detection zone, followed by 2 μL of 0.01 -1 M HCl, nitric acid (HNO3) or H2SO4. The 5 μL of the 200 ppm Cr VI standard solution or deionized water as a blank solution was applied onto the sample reservoir. After the detection zone was colored, the green intensity was measured using ImageJ software. As shown in Fig. 2 , the Δ green intensity gradually increases with increasing HCl concentration in the range of 0.01 to 0.1 M HCl, and become almost constant in the range of 0.1 to 1 M HCl. A similar behavior was observed for HNO3. In contrast, when H2SO4 was used, the detection zone became brown or black in color at any concentration of H2SO4. It seems that H2SO4 reacts with the OTS hydrophobic barrier. Hence, we selected 0.1 M HCl as an acid.
Effect of the DPC concentration on the green intensity
We measured the intensity in the concentration range of 0.01 to 1.5 g L -1 DPC by the procedure as described above. Figure 3 shows the effect of the concentration of DPC on the green intensity. From the results, the Δ green intensity increased with the DPC concentration in the range of 0.01 to 0.5 g L -1 DPC, and became almost constant over 0.5 g L -1 DPC. Although we investigated the effect of 1.5 g L -1 DPC, it was difficult to Fig. 1 Photographs of (a) the photomask printed using a 3D printer and (b) paper patterned by photolithography. The entire photomask and patterned paper fit on a 2 × 2 cm pieces of acrylic resin and chromatography paper, respectively. The photomask thickness is 1 mm. analyze using a μPAD due to the deposition of DPC. Thus, a DPC concentration of 0.5 g L -1 was henceforth chosen.
Calibration graph
A calibration graph of Cr VI is shown in Fig. 4 . The data and error bars in Fig. 4 are the mean and standard deviation, respectively, from 4 independent measurements. In the present fabrication method, the surface of the paper changed from white to pale yellow by UV irradiation. By the gray-scale intensity processing of images, the intensity of the blank was high compared with that of the pristine paper in a previous study. Therefore, in the present work, we investigated the RGB color analysis of images. Each plot was obtained by analysis of the RGB values using the histogram in ImageJ. As shown in Fig. 4 , the intensities of red, green and blue decrease with increasing amount of Cr VI and a linear calibration curve was obtained in the range of 40 -400 ppm. A linear least-squares fitting of the Cr VI data gave the slope (a), intercept (b), and coefficient of determination (R 2 ) for each line, as follows: red intensity, R (a = -21.1, b = 149, R 2 = 0.992), green intensity, G (a = -50.4, b = 144, R 2 = 0.981), and blue intensity, B (a = -15.6, b = 110, R 2 = 0.910). The slop of green intensity was the largest among RGB, and the best sensitivity for Cr VI determination was green color. These results indicate that the green color may be the most absorbed light for the Cr VI -DPC complex. Upon using the green intensity for analysis, the limit of the detection (LOD) base on three-times the standard deviation for the blank criteria was 30 ppm (Cr VI absolute amount = 0.15 μg). The relative standard deviations (RSDs) for all measurements (n = 4 measurements for each Cr VI concentration level) were less than 8.7%. Although Henry's group analyzed using the gray scale, these values are almost comparable to values reported by their group (LOD = 0.12 μg, RSD ≤ 8.2%). [30] [31] [32] On the other hand, the relationship between the logarithm of the Cr VI amount and the color intensity was not good linear. For a semi-log plot of each RGB color, these values were obtained as follows: R (a = -35.6, b = 123, R 2 = 0.875), G (a = -82.8, b = 82, R 2 = 0.824), and B (a = -28.3, b = 90.5, R 2 = 0.964) (except for blank data). Although the slope of the semi-log plot is larger than that of liner plot in green color, the liner plot calibration curve was chosen for Cr VI analysis judging from R 2 . The RGB color analyses provided a larger dynamic range than the gray scale, and improved the sensitivity (data not shown).
Application to water samples
River and tap water were analyzed by the developed μPADs. Water samples from a tap on campus and a nearby river were used without filtration for sample testing. These sample were added to known concentrations of Cr VI in order to confirm the recovery and repeatability of the devices. As shown in Table 1 , Cr VI was not detected in the unspiked river and tap-water samples, while the recovery percentages of added samples were between 94 and 109% with a repeatability of better than 7%.
Conclusions
In this study, μPADs used to determine Cr VI were developed. The μPADs were fabricated by photolithography using a photomask printed with a 3D printer. Here, general DPCcolorimetry was employed for the detection of Cr VI . The concentrations of DPC and HCl were optimized at 0.5 g L -1 and 0.1 M, respectively. From image analyses by image-processing software, the green color intensity provided the best sensitivity among the RGB color. The present devices applied to water sample analysis, and the results show good recoveries and repeatability.
